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Abstract 

The elimination of antibiotics such as Azithromycin (AZM) and Ciprofloxacin (CIP) from the contaminated water is 

crucial to safeguard both human health and environmental quality. This study investigates the synthesis of CoNC@NC 

core-shell composite by carbonizing ZIF-67@ZIF-90 composite, and the implementation of them in removing antibiotics 

from aqueous solutions. The composites were characterized using XRD, SEM, FTIR, Raman, TGA, and N2 adsorption-

desorption. In the batch adsorption tests, the carbonized composite showed enhanced adsorption capacities compared 

to the original composite, with maximum adsorption capacities for AZM and CIP being 256.49 mg/g and 514.26 mg/g, 

respectively. The adsorption process was found to fit the pseudo-first-order kinetics and Langmuir isotherm models. 

The solution pH showed a significant impact on the adsorption capacity, with maximum capacities recorded at pH of 7 

and 6 for the AZM and CIP solutions, respectively. In addition, it was demonstrated that after five regeneration cycles, 

the carbonized composite maintained the adsorption capacity at over 90% of the first cycle value, suggesting good 

reusability. These results revealed the potential of using CoNC@NC composites in environmental decontamination and 

antibiotic removal for wastewater treatment. 
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1. Introduction  

The presence of pharmaceuticals in the water 

environment has become a serious concern for 

both the environment and human health [1-4]. 

Among them, antibiotics, such as azithromycin 

(AZM) and ciprofloxacin (CIP), have been 

frequently detected in drinking water, surface 

water, groundwater, and wastewater [5,6]. The 

extreme exposure to these antibiotics not only 

causes serious damage to the human body, but 

also can be harmful to the ecosystems and 

promote the dissemination of antibiotic resistance 

genes [7]. The incomplete removal of the 
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antibiotics from the treated water using the 

traditional methods highlights an urgent need to 

develop efficient technologies to capture them 

from aqueous media. In this context, different 

physical and chemical methods, including 

membrane separation, adsorption, anaerobic 

reactors, chemical degradation, photocatalytic 

degradation, photo Fenton, electrocoagulation, 

and ozonation, were developed [8-10].  Among the 

other treatment technologies, adsorption has been 

considered as a promising method in the fight 

against water pollution owing to its high 

efficiency, simple operation, and cost-effectiveness 

[11]. Conventional adsorbents (e.g., metal oxides, 

zeolites, and porous carbons) often suffer from 

practical problems, including high cost, 

difficulties of regeneration, and low adsorption 
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capacity [12]. Conversely, metal–organic 

frameworks (MOFs) composed of metal clusters 

and organic linkers linked by strong coordination 

bonds, as crystalline porous materials, offer 

distinct advantages [13]. Their structures can be 

systematically engineered and prepared to 

precisely control certain key adsorption-related 

features, including specific surface area, pore size, 

density, number of adsorption sites, and charge 

properties [14,15]. 

Zeolitic-imidazole frameworks (ZIFs), such as 

ZIF-67, ZIF-90, and ZIF-8, are a subclass of MOFs 

that are used efficiently in removing the organic/ 

inorganic pollutants from water with enhanced 

adsorption capacities [16]. This is due to the 

integration between the distinct advantages of 

MOFs and zeolites [17]. ZIF-67 can be considered 

a promising adsorbent, characterized by a high 

surface area, large pore size, abundant active 

sites, and intense attraction to guest particles 

[18]. Various ZIF-67-derived materials have been 

reported for CIP removal [19-21]. For instance, 

Dehghan et al. [21] evaluated the adsorption 

performance of nine MOFs, including ZIF-8, ZIF-

67, and UIO-66, against CIF. Their results 

showed that ZIF-67-SO4 offered the highest 

adsorption efficiency by 99.2%.  

On the other hand, ZIF-90 has an octahedral 

crystal structure with macropores of 11.2 Å in 

diameter, linked by 8 apertures with a diameter 

of 3.5 Å [22,23]. The high stability of ZIF-90 

crystals in various circumstances makes it a 

promising candidate for heavy metal removal 

[24,25]. Zong [26] investigated the removal of 

heavy metals (Pb and Co) from water using a core-

shell ZIF-90@chitosan/sodium alginate 

polysaccharide. The results showed that the 

maximum adsorption capacities were 1.24×10-3 

and 1.69×10-3 mol/g for Pb and Co, respectively. 

These capacities were remarkable compared to 

the corresponding values reported in other 

studies. However, using ZIF-90 in the application 

of antibiotic removal has not been reported yet. 

Although MOFs have notable advantages in 

adsorption applications, their performance is 

highly dependent on the number of surface free 

binding sites. Bimetallic MOFs have been 

reported to be better candidates for adsorbing 

antibiotics than monometallic MOFs due to their 

enhanced structural stability, larger surface area, 

and synergistic active sites [27]. Integrating two 

metal centers into the MOF framework not only 

enhances crystallinity and porosity but also 

increases and diversifies the adsorption sites, 

thereby strengthening the host–guest interaction 

with antibiotic molecules [28,29]. For instance, 

Rad et al. [30] prepared MIL-101-NH2 (Fe) 

(monometallic MOF) and MIL-101-NH2 (Co/Fe) 

(bimetallic MOF) and assessed their adsorption 

performance for 5-fluorouracil (5-FU) and 

doxorubicin (DOX). The results showed that the 

specific surface area of the monometallic MOF 

was 813 m²/g, while the value for the optimum 

bimetallic MOF was 1025 m²/g. Moreover, the 

maximum adsorption capacities of 5-FU and DOX 

by using the monometallic MOF were 485.6 and 

398.3 mg/g, while these values by using the 

optimum bimetallic MOF were 645.4 and 538.4 

mg/g. In terms of ciprofloxacin removal from 

water, Wei et al. [31] reported that using Fe/Ni-

based MOFs in contaminated water can yield high 

ciprofloxacin adsorption capacity up to 232.1 mg/g 

due to the heterogeneity of the charge distribution 

and the existence of various binding sites induced 

by the bimetallic system. Luo et al. [32] embedded 

bimetallic ZnCo-ZIF in chitosan beads (ZnCo-

ZIF@CS), which facilitated the efficient removal of 

ciprofloxacin with a high adsorption capacity of 

348.9 mg/g, good recyclability, and stability in 

different pH and real-water samples. Liu et al. 

[33] prepared a ZIF-8/zeolite composite by the 

sonochemical method and investigated its 

removal performance of AZM under various 

conditions. The adsorption capacities of ZIF-

8/zeolite, zeolite, and ZIF-8 were 131, 22.37, and 

235.3 mg/g, respectively. The adsorption capacity 

of ZIF-8 was higher than that of the composite; 

however, the composite offered 10 regeneration 

cycles with removal efficiency higher than 85%, 

while ZIF-8 maintained such efficiency at only 

three regeneration cycles, indicating that the 

composite was more stable compared to ZIF-8. 

On the other hand, the adsorption 

performance of MOFs is highly affected by the 

dimensions of their structures, with some of them 

exhibiting a pore size smaller than 1 nm [34]. 

Most antibiotics possess molecular weights in the 

range of 400-1200 Da [35], approximately 

estimated as 0.975-1.4 nm, and therefore cannot 

diffuse efficiently into the pore of the MOFs. Thus, 

adsorption predominantly takes place on the 

external surface of MOF particles, and a large 

portion of the internal surface will not be occupied 

by such large molecules. This would significantly 

reduce the accessible surface area and thereby 

limit the adsorption capacity of MOFs for the 

antibiotics, posing an extra restriction on utilizing 

MOFs in practical applications. To overcome this 

obstacle, carbonizing MOFs at high temperature 

and oxygen-free conditions to form porous carbon 

products has been proposed [36]. The 

carbonization process often results in raising the 

pore size and porosity compared to the precursors 

MOFs, while maintaining the same framework 

structure [37]. For example, the pyrolysis of ZIF-8 

at 1100 °C resulted in a porous MDC-1100 with 

about twice the porosity of the original ZIF-8 [38]. 

Moreover, it was reported that derived carbon 

(ZnO/C 600 and ZnO/C 700) resulting from 

pyrolyzing MOF-5 at a high temperature retained 

the structure and morphology of the original MOF 

[39].  
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Various methods have been proposed to 

prepare carbon with a modified structure and 

surface chemistry to improve the adsorption 

ability [40]. Carbon-based composites that 

combine the advantages of two or more 

compounds can offer superior adsorption 

performance compared to a single material [41]. 

These composites can form hierarchical porous 

architectures that combine both micropores and 

mesopores, which facilitate efficient mass 

diffusion [41]. The hierarchical structures 

promote the faster diffusion of adsorbates and 

enhance accessibility to active sites, which can 

accelerate adsorption kinetics and optimize the 

utilization of internal and external surface areas 

[42]. For instance, Li et al. [43] prepared a 

C@silica core-shell composite adsorbent by 

carbonizing ZIF-8@silica for removing CIF from 

polluted water. Their findings showed that the 

specific surface area was 594.4 m2/g for C@silica 

and 549.9 m2/g for ZIF-8-derived carbon, while the 

maximum adsorption capacity was 516.8 and 

430.6 mg/g for C@silica and ZIF-8-derived carbon, 

respectively. Therefore, it is expected that 

producing a unique carbon-based core-shell 

composite can improve the antibiotics removal 

performance. In addition, to the best of the 

author’s knowledge, Carbonized MOF@MOF 

core@shell particles have not been investigated for 

the application of antibiotic removal. 

From the above, it can be explored that both 

ZIF-67 and ZIF-90 yielded great potential in 

removing various organic pollutants from water. 

However, the adsorption performance of ZIF-

67/ZIF-90 composite has not been reported yet. In 

this study, the distinct benefits of integrating ZIF-

67 and ZIF-90 in the form of a core@shell 

composite were revealed by using the composite as 

an adsorbent for antibiotic removal applications. 

The novelty of this study was extended to examine 

the effect of the carbonization process on the 

performance of the proposed adsorbent. The ZIF-

67@ ZIF-90 composite was first synthesized and 

then carbonized to produce CoNC@NC core@shell 

composite. Both the composites were 

characterized using various techniques and 

measurements. The adsorption performance of 

the two composites for CIP and AZM was 

investigated thoroughly. The adsorption 

mechanism was explored through experiments on 

adsorption kinetics and isotherms, which were 

fitted based on well-known analytical models. The 

effects of pH and regeneration times on the 

adsorption capacity of the two prepared 

adsorbents were also examined.  

 

2. Materials and Methods  

2.1 Materials  

All materials were purchased from Sigma 

Aldrich Chemical, without modification: 

Cobalt(II) nitrate hexahydrate, Co(NO3)2.6H2O; 

Zinc nitrate hexahydrate (Zn(NO3)2.6H2O); 2-

methylimidazole; imidazole-2-carboxaldehyde; 

methanol; N,N-dimethylformamide (DMF). The 

chemical pharmaceuticals, including AZM and 

CIP, were bought from the pharmacy. 

 

2.2. Synthesis of ZIF-67  

Crystals of ZIF-67 were synthesized by 

dissolving Co(NO3)2.6H2O (0.464 g, 1.6 mmol) in 

10 mL of methanol. Then, 0.328 g (4 mmol) of 2-

methylimidazole was dissolved in 10 mL of 

methanol. Two solutions were mixed at room 

temperature for 24 h. The resulting purple 

precipitates were collected by centrifugation and 

washed three times with MeOH. Finally, it was 

dried by vacuum at 100 ℃ [44]. 

 

2.3. Synthesis of ZIF-67@ZIF-90 

For preparing ZIF-67@ZIF-90, the seed of 

ZIF-67 (50 mg) was dispersed in 10 mL of 

MeOH:H2O (1:1) (solution A). Zn(NO3)2.6H2O 

(0.464 g, 1.6 mmol) was dissolved in 10 mL of 

MeOH:H2O (1:1), and (0.328 g, 4 mmol) of 

imidazole-2-carboxaldehyde was dissolved in 10 

mL of MeOH:H2O (1:1). The solutions were added 

to a solution of ZIF-67 (solution A). The resulting 

solution was sonicated for 2 h, the mixture was 

mixed and kept in the oven for 24 h at 60℃. The 

core-shell ZIF-67@ZIF-90 crystals were obtained. 

The result was washed with MeOH three times. 

Finally, it was dried under vacuum at 60 ℃ [45-

47]. 

 

2.4. Carbonization of ZIF-67@ZIF-90 

For an optimal porous structure with large 

pore volume, the carbonization of the composite 

was conducted. The ZIF-67@ZIF-90 particles were 

dried overnight at 100 °C, then the particles were 

carbonized at 900 °C with a heating rate of 5 

°C.min−1 under argon gas for 5 hours. The 

temperature rose from 25 °C to reach the target 

temperature at 900 °C [48,49]. The product 

(CoNC@NC) particles were collected and used 

directly in adsorption experiments without 

washing by acid or any other activation to make a 

simple and environmentally friendly preparation 

method [48,50]. All the details of the synthesis 

and carbonization of ZIF-67@ZIF-90 are 

schematically shown in Figure 1. 

 

2.5. Characterizations 

All samples were activated under vacuum at 

150 °C to remove all the solvent from the pores 

before characterization or use in an application. 

The phases of particles for all samples are 

determined by an X-ray diffractometer (XRD). The 

morphology of ZIF-67@ZIF-90 and the carbonized 

ZIF-67@ZIF-90 (CoNC@NC) particles were 
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measured by using scanning electron microscopy 

(SEM) and transmission electron microscopy 

(TEM). Raman Spectroscopy and Fourier 

transform infrared spectroscopy (FTIR) were used 

to reveal more information about the structure 

and surface functional groups of the carbonized 

samples. The thermal property of the samples was 

analyzed by simultaneous thermogravimetric 

(TGA) at 1000 °C with a heating rate of 5      

°C.min-1. The N2 adsorption-desorption test was 

carried out at 77 °C to calculate the 

Brunauer−Emmett−Teller (BET) specific surface 

area.  

 

2.6. Adsorption Experiments 

Batch adsorption experiments were 

conducted to examine the adsorption performance 

of the proposed adsorbents for CIP and AZM from 

polluted water. Stock solutions of 400 mg/L CIP 

and 240 mg/L were prepared and then diluted to 

the desired initial concentration (Ci in mg/L). A 4 

mg of the adsorbent was added to the CIP 

solution, and 20 mg of the adsorbent was added to 

the AZM solution to prepare the mixtures for the 

experiments. All the experiments were performed 

under a temperature of 25 ℃ and mechanical 

shaking at a constant speed of 180 rpm. The 

solution concentration of each sample was 

obtained by measuring the solution absorbance 

using UV-Vis spectrophotometer. The 

measurement was carried out for a small amount 

of the solution after the mixture was filtered 

through a 0.2 μm membrane. The pH of the 

polluted solution was adjusted using a dropwise 

addition of 0.01–0.1 M NaOH or HCl. To ensure 

the reproducibility, reliability, and statistical 

validity of the results, each experiment was 

performed in three parallel replicates.  

For the adsorption kinetics experiments, the 

stock solutions were diluted to 50 mg/L of CIP 

solution and 20 mg/L of AZM solution. Certain 

amounts of the adsorbents were added, as 

previously mentioned, to the polluted solutions 

and samples of the mixtures, 3 mL for each, were 

collected and filtered to be used in the UV-Vis 

measurements and thus determining the 

concentration of the solutions at contact time t (Ct 

in mg/L). The samples were taken at 

predetermined time intervals, including 30-420 

min for CIP solutions and 20-300 min for AZM 

Figure 1. The schematic of the synthesis and carbonization of ZIF-67@ZIF-90 under an argon gas at 900 °C. 
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solutions. The pH of the solutions was maintained 

at 6 for the CIP solution and 7 for the AZM 

solution. The adsorption capacity at contact time t 

(Qt in mg/g) was calculated from Equation (1) [51]. 

 

𝑄𝑡 =
(𝐶𝑖−𝐶𝑡)×𝑉

𝑚
       (1) 

 

where V (L) is the volume of CIP or AZM solutions, 

and m (g) is the mass of the adsorbent 

For the adsorption isotherms experiments, 

the stock solutions were diluted to various initial 

concentrations of CIP solution (10-260 mg/L) at a 

pH of 6, and of AZM solution (10-140 mg/L) at a 

pH of 7. Each experiment was conducted for 24 h 

to reach the equilibrium conditions. The 

equilibrium concentrations of CIP and AZM 

solutions (Ce in mg/L) were estimated from UV-

Vis measurements when the solutions were at the 

equilibrium conditions. The equilibrium 

adsorption capacities (Qe in mg/g) were calculated 

from Equation (2) [51]. 

 

𝑄𝑒 =
(𝐶𝑖−𝐶𝑒)×𝑉

𝑚
       (2) 

 

For the pH effect on the adsorption performance, 

the equilibrium concentrations and adsorption 

capacities for CIP and AZM solutions were 

estimated under a range of pH (4-10). The other 

conditions of the experiments were similar to 

those of the adsorption kinetics experiments. 

For the regeneration experiments of the 

adsorbents, the experiments of the adsorption 

isotherm were conducted under conditions similar 

to those of the adsorption kinetics. The solutions 

of CIP and AZM were filtered after reaching the 

equilibrium to collect the adsorbent particles. The 

particles were soaked in a solution of 

water/ethanol (20:80) for 5 h at a temperature of 

25 ℃ and magnetic stirring for desorbing CIP and 

AZM. Afterward, the solution was filtered and the 

particles washed three times using ethanol and 

dried under vacuum at 60 ℃ for 12 h. The 

adsorbents were regenerated 4 times, and the 

adsorption test was repeated each time. 

 

3. Results and Discussion  

3.1. Characterizations 

The PXRD analysis was used to study the 

crystallographic phase of core-shell ZIF-67@ZIF-

90 crystals (Figure 2a). The patterns of ZF-

67@ZIF-90 appeared diffraction peaks at 7.3°, 

10.2°, 12.8°, 16.5°, and 17.6°, which agreed well 

Figure 2. PXRD of (a) ZIF-67, ZIF-90 and ZIF-67@ZIF-90 and (b) CoNC@NC. 
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with the patterns reported in previous studies 

[44,45]. Furthermore, the pattern of ZIF-67@ZIF-

90 exhibited behaviour similar to that of ZIF-67 

and ZIF-90. This indicated the successful 

synthesis of the core-shell composite. However, 

the PXRD of CoNC@NC (Figure 2b) shows a 

decrease in the crystallization peaks after 

carbonization due to the conversion of the metal-

organic frameworks to metal-carbon frameworks. 

It appeared as a wide-diffraction peak at 26°, 

which was attributed to the formation of 

nanoporous carbon sheets. The pattern also 

showed a small diffraction peak of cobalt at 43°, 

which may be due to the reduction of cobalt ions 

in the carbonized composite [52]. This pattern 

suggested that the diffraction peaks of the original 

crystals decreased dramatically after 

carbonization due to the increase in temperature 

[53]. It is worth mentioning that the XRD curve of 

CoNC@NC was refined using OriginLab software, 

and the d-spacing for the crystals was calculated 

at each peak as 3.345, 2.083, and 2.041 Å using 

Bragg’s equation. 

The samples of ZIF-67@ZIF-90 and 

CoNC@NC were analysed by SEM and TEM to 

identify the morphology of the crystals and 

determine whether any changes occurred after the 

carbonization process (Figure 3). In Figure 3a, the 

crystals of ZIF-67@ZIF-90 were in the shape of a 

rhombic dodecahedral, which was similar to the 

structure reported in previous studies [44-46]. 

Figure 3 (b) shows the sample after carbonization, 

where crystals with an approximate particle size 

of 1486 nm were observed, which was smaller 

compared to the size of the particle before 

carbonization (≈ 3320 nm). However, the 

CoNC@NC crystals sustained the same structure 

as the original crystals [54]. This can be attributed 

to the presence of ZIF-67, which can protect the 

topology and structure of crystals after heating at 

high temperature [54]. A TEM image presented in 

Figure 3c showed an important sign of the 

carbonization process as small dark coloured spots 

observed on the crystals, which indicated the 

formation of metal oxide embedded into the 

carbon matrix [49,54]. Overall, the crystals of ZIF-

67@ZIF-90 after carbonization and forming 

CoNC@NC maintained the same shape of the 

framework. The ZIF-90 (i.e. shell) served as a 

cover and protector of the core and held the high 

temperature during the carbonization process. 

The EDX analysis was conducted to reveal the 

different elements in the composition of ZIF-

67@ZIF-90 and CoNC@NC (Figure 4). The results 

showed the presence of C, N, O, Co, and Zn in the 

ZIF-67@ZIF-90. The same elements were detected 

in CoNC@NC, excluding Zn, which almost 

Figure 3. Illustration of (a) SEM image of core-shell ZIF-67@ZIF-90, (b) SEM image of CoNC@NC, and (c) 

TEM crystal image of CoNC@NC. 

Figure 4. EDX analysis of (a) ZIF-67@ZIF-90 and 

(b) CONC@NC. 
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disappeared due to the formation of ZnO during 

the carbonization process [48]. In addition, as the 

temperature increased to 900 °C, which is very 

close to the boiling point of Zn (908 °C), Zn 

evaporated and was carried away by the argon 

flow [36,55]. 

The FT-IR spectrum of ZIF-67@ZIF-90 

presented in Figure 5 shows there were stretching 

vibrations of C–H of aliphatic and ring imidazole 

at 3120 cm-1 and 2910 cm-1, respectively, and the 

vibrations of C=N for imidazole of ZIF-67 were 

recorded at 1582 cm-1 [44]. There is peaks of C=O 

of the aldehyde group for ZIF-90 at 1670 cm-1 [56]. 

Moreover, C–N stretching of imidazole in ZIF 

appeared at 1340 cm-1 [45]. On the other hand, the 

spectrum of the sample after carbonization 

showed broad peaks related to C–N and C–O, and 

mostly all vibration peaks of the imidazole ligand 

had disappeared. That was indicative of a 

successful carbonization process [48].  

To investigate the internal structure of 

CoNC@NC in detail, a Raman spectrum was 

obtained, and the results are presented in Figure 

6. The spectrum showed two bands, including D at 

1320 cm-1 and G at 1540 cm-1. The disorder in the 

carbon framework was indicated by a defect bond 

(D-bond), and the graphitic bond (G) stated the 

structure of the porous carbon matrix. The 

intensity ratio of D peak to G peak (ID/IG) = 1.14, 

indicating a degree of disorder in the carbon 

framework with a partially ordered graphite 

structure. This carbon matrix is typical for 

carbonized MOFs and is favourable for desorption 

applications [57-60]. 

The thermogravimetric analysis (TGA) curve 

displayed the thermal stability of the framework 

for the samples (Figure 7). The TGA curve of ZIF-

67@ZIF-90 showed that the first loss of weight 

started at a low temperature, approximately 40 °C 

to 150 °C, indicating the removal of solvent from 

the pores. After that, the TGA curve showed that 

the main loss of weight started at 280 °C to 300 

°C, which was attributed to the decomposition of 

the aldehyde group in the imidazole ligand[61]. 

The last stage began with increasing the 

temperature up to 600 °C, the skeleton of the 

structure collapsed, and the ligand vanished [33]. 

Furthermore, the TGA curve of the carbonized 

sample (CoNC@NC) started to lose mass at lower 

temperatures because the samples were pre-

treated at temperatures higher than 800 °C [48]. 

Figure 8 shows N2 gas adsorption-desorption 

of the original and carbonized samples.  The ZIF-

67@ZIF-90 exhibited a pattern implying both type 

I and type IV isotherms with H1 hysteresis, 

indicating the presence of both micropores and 

mesopores in the structure [45]. This atypical 

hysteresis may be related to the group of 

Figure 6. Raman shifting pattern of CoNC@NC. Figure 5. FT-IR spectrums of ZIF-67@ZIF-90 and 

CoNC@NC. 

Figure 7. TGA curves of ZIF-67@ZIF-90 and 

CoNC@NC. 

Figure 8. N2 adsorption-desorption of ZIF-67@ZIF-

90 and CoNC@NC. 
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Composite 
SBET 

(m2/g) 

Vtotal 

(cm3/g) 

t-plot 

Vmicro 

(cm3/g) 

Vmeso 

(cm3/g) 

ZIF-

67@ZIF-90 

1007.812 0.627 0.485 0.142 

CoNC@NC 575.456 0.602 0.008 0.594 

aldehydes in imidazole that have free 

uncoordinated sites in the internal structure of 

ZIF-67@ZIF-90 [62]. The specific surface area of 

ZIF-67@ZIF-90 was 1007.812 m²/g and the pore 

volume was 0.627 cm3/g. For CoNC@NC, at a 

temperature of 900 °C, the Zinc metal in the 

structure of the core-shell started to vanish which 

led to form more mesopores and increase the 

porosity of the framework, Thereby the N2 gas 

adsorption-desorption of the carbonized sample 

almost showed only type IV isotherm with H3 

hysteresis which is a common feature of the 

mesoporous materials produced by ZIF 

carbonization [43]. The specific surface area of the 

carbonized sample decreased to 575.456 m²/g, 

which may be attributed to the shrinkage in the 

structure as evidenced by Figure 3. Table 1 

summarizes the specific surface area, total 

volume, micro volume, and meso volume for both 

ZIF-67@ZIF-90 and CoNC@NC. 

 

3.2. Adsorption Performance 

3.2.1 Adsorption kinetics 

The adsorption kinetics test was conducted to 

evaluate the impact of contact time on the 

adsorption capacity at various contact times (Qt, 

mg/g) for ZIF-67@ZIF-90 and CoNC@NC, and to 

determine the equilibrium time (Figure 8). It can 

be seen that for all the experiments, the removal 

amount varied with the time until reaching the 

equilibrium condition. The adsorption equilibrium 

of ZIF-67@ZIF-90 and CoNC@NC for AZM was 

gradually reached within 180 min (Figure 9a), 

while the adsorption of CIP took longer (300 min) 

to reach equilibrium for both adsorbents (Figure 

9b). For AZM experiments, Qt of CoNC@NC (162.8 

mg/g) was higher than that of ZIF-67@ZIF-90 

(124.2 mg/g). Whereas, Qt of CIP was 315.9 mg/g 

for CoNC@NC and 246.1 mg/g for ZIF-67@ZIF-90. 

This is due to that the carbonized adsorbent had 

more mesopores and active sites than those of the 

pristine adsorbent. 

To better understand the adsorption process 

of ZIF-67@ZIF-90 and CoNC@NC for AZM and 

CIP, the pseudo-first-order (PFO) and pseudo-

second-order (PSO) kinetics models were 

implemented to predict the curve fitting of the 

experimental data. The adjusted R-Square value 

(R2adj.) and the equilibrium adsorption capacity 

(Qe, mg/g) were used to evaluate the agreement 

between the predicted and observed data. Besides 

the fitted curves of the kinetics models presented 

in Figure 9, Table 2 summarizes the kinetics 

parameters with R2adj. values of the four 

investigated cases.  For AZM experiments, the 

PFO model exhibited better agreement with the 

observed data compared to the PSO model, 

indicating that the adsorption mechanism of AZM 

for both adsorbents was more in line with the PFO 

kinetics model. In contrast, for the CIP curves of 

both the adsorbents, the PSO model offered 

slightly higher R2adj. values compared to the PFO 

model; however, the values of Qe for PFO were 

much closer to the experimental values, indicating 

that the PFO model was more appropriate to 

describe the adsorption mechanism of CIP for both 

adsorbents. The above findings suggest that all 

the adsorption processes involved physisorption 

[63], and the adsorption mechanisms depend on 

the diffusion of AZM and CIP particles on the 

surface of ZIF-67@ZIF-90 and CoNC@NC. 

 

3.2.2. Adsorption isotherms 

The adsorption isotherms experiments were 

conducted to study the relationships between the 

equilibrium concentration (Ce) and the 

equilibrium adsorption capacity (Qe) of AZM and 

Table 1. The pore characteristics of ZIF-67@ZIF-90 

and CoNC@NC. 

Figure 9. Adsorption kinetics of ZIF-67@ZIF-90 and C0NC@NC for: (a) AZM; (b) CIP. 
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Adsorbate Kinetics model Parameters ZIF-67@ZIF-90 CoNC@NC 

AZM 

 Qe, Exp. (mg/g) 124.2 162.8 

PFO 

Qe, Cal. (mg/g) 124.43 162.16 

K1 ×10-3 (min-1) 11.197 11.6 

R2adj. 0.9845 0.9853 

PSO 

Qe, Cal. (mg/g) 181.47 214.88 

K2 10-5 (g/mg.min) 4.53 4.63 

R2adj 0.9816 0.9764 

CIP 

 Qe, Exp. (mg/g) 246.1 315.9 

PFO 

Qe, Cal. (mg/g) 246.61 315.21 

K1 ×10-3 (min-1) 7.898 6.807 

R2adj. 0.9932 0.9915 

PSO 

Qe, Cal. (mg/g) 352.57 466.51 

K2 10-5 (g/mg.min) 1.69 1.04 

R2adj. 0.9940 0.9954 

CIP on ZIF-67@ZIF-90 and CoNC@NC (Figure 

10). The experiments were carried out over a 

range of the initial concentration (Ci) of AZM and 

CIP.  It can be observed that for all the tested 

cases, both Qe and Ce increased with the increase 

of Ci as more adsorbate particles were offered to 

be extracted by the adsorbent. In addition, all the 

adsorption capacities of CoNC@NC for AZM and 

CIP were higher than the corresponding values of 

ZIF-67@ZIF-90. This can be attributed to the 

mesoporous nature of CoNC@NC. The maximum 

adsorption capacities (Qm) of CoNC@NC for AZM 

and CIP were 255.25 and 511.2 mg/g, respectively. 

Whereas Qm values of ZIF-67@ZIF-90 for AZM 

and CIP were 164.8 and 353.8 mg/g, respectively. 

To further investigate the adsorption 

isotherms, two well-known isotherm models, 

including the Langmuir and the Freundlich 

models, were used to fit the experimental data of 

the tested cases. The fitted curves are presented 

in Figure 10, and the parameters of the isotherm 

models are summarized in Table 3. The data 

confirmed that AZM and CIP adsorptions were 

well adopted to the Langmuir model as they 

achieved higher values of (R2adj.) compared to the 

Freundlich model. The calculated Qm of ZIF-

67@ZIF-90 for AZM and CIP was 166.8 and 358.7 

mg/g. Whereas, those values of CoNC@NC for 

AZM and CIP were 256.49 and 514.26 mg/g, 

respectively. The Langmuir isotherm model 

featured with formation of a single layer of 

adsorbates (AZM and CIP) on the homogenous 

surfaces of the adsorbents (ZIF-67@ZIF-90  and 

CoNC@NC) [64]. The particles of AZM and CIP 

were deduced to be extracted onto the surface of 

adsorbents through their active binding sites and 

each site could be saturated with only one particle. 

Therefore, the adsorption of AZM and CIP will be 

dominated by the availability of active sites on the 

surface of the adsorbents. 

 

3.2.3. The effect of solution pH 

The adsorption capacity of the adsorbent is 

highly dependent on the initial pH of the solution 

[65]. This is due to the effect of pH on the surface 

charges of the adsorbent and adsorbate thereby 

influencing the interaction between them [66]. To 

verify that, the effect of pH on the surface charges 

of ZIF-67@ZIF-90 and CoNC@NC was 

investigated (Figure 11), as well as the variation 

Table 2. Parameters of kinetics models for different adsorbents and adsorbates. 

Figure 10. Adsorption isotherms of ZIF-67@ZIF-90 and CoNC@NC for: (a) AZM; (b) CIP. 
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Adsorbate Isotherm model Parameters ZIF-67@ZIF-90 CoNC@NC 

AZM 

Langmuir 

Qm, Cal. (mg/g) 

KL (L/mg) 

R2adj. 

166.80 

0.4779 

0.9982 

256.49 

0.2177 

0.9912 

Freundlich 

KF [(L/mg)1/n.mg/g]  

n 

R2adj. 

81.457 

6.1612 

0.9348 

85.356 

4.0790 

0.9135 

CIP 

Langmuir 

Qm, Cal. (mg/g) 

KL (L/mg) 

R2adj. 

358.70 

0.0926 

0.9745 

514.26 

0.0439 

0.9792 

Freundlich 

KF [(L/mg)1/n.mg/g]  

n 

R2adj. 

96.873 

3.9427 

0.9178 

76.546 

2.7753 

0.9638 

of Qe over a range of pH (4-10) was studied (Figure 

12). It can be seen that the isoelectric points of 

ZIF-67@ZIF-90 and CoNC@NC were 

approximately 7.4 and 7.1, respectively. The 

surface charge of ZIF-67@ZIF-90 and CoNC@NC 

was positive under pH ranges of 4-7.4 and 4-7.1, 

respectively. While the surfaces were negatively 

charged at the ranges of 7.4-10 for ZIF-67@ZIF-90 

and 7.1-10 for CoNC@NC. 

On the other hand, AZM exists as cations at 

pH lower than 3.5, as neutral in pH range of 3.5-

7.7, and as anions at pH higher than 7.7 [67]. 

Whereas CIP exists as cations at pH<6, as neutral 

in pH range of 6-9, and as anions at pH>9 [43]. For 

both the pristine and carbonized adsorbents, the 

adsorption capacity of AZM increased with the 

increase in pH from 4 to 7 (i.e. optimum value) as 

AZM maintained neutral charge and the 

adsorbent approached the neutral line where the 

highest adsorption capacity was reached. At 

pH>8, the adsorption capacity decreased due to 

the repulsion force as the charges of both the 

materials were negative. Moreover, the 

adsorption amount for CIP increased continuously 

as pH increased from 4 to 6, and then decreased 

when pH was higher than 6. The optimum 

adsorption amount for CIP occurred at pH of 6, 

which can be attributed to the charge of CIP that 

became neutral at pH of 6, while the charges of the 

adsorbents were positive. These findings suggest 

that the adsorption of AZM and CIP was strongly 

related to the charge of the adsorbent molecules. 

 

3.2.4. Regeneration of the adsorbents 

The regeneration ability of the adsorbent was 

studied as it is an essential property for 

evaluating the reusability of the adsorbent. The 

loaded adsorbents were regenerated using 

methanol and then the adsorption experiments 

were repeated for five cycles under the same 

conditions. Figure 13 shows that, for all tested 

cases, the adsorption capacity did not change 

significantly after five adsorption-desorption 

cycles. For instance, after 5 regeneration cycles 

the adsorption capacity of CoNC@NC for CIP 

decreased from 315.9 to 292.6 mg/g. The 

performance of ZIF-67@ZIF-90 for AZM and CIP 

was reduced by 9.2% and 8.7%. While, the 

reduction ratio in the performance of CoNC@NC 

for AZM and CIP was 9.3% and 7.4%. The results 

showed that the adsorbents offered a good 

Table 3. Parameters of isotherm models for different adsorbents and adsorbates. 

Figure 11. Variations of Zeta potential of ZIF-67@ZIF-

90 and CoNC@NC with the pH. 

Figure 12. The adsorption capacities of ZIF-

67@ZIF-90 for AZM and CIP under various pH 

conditions. 
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Adsorbent Adsorbate 
Max. capacity 

(mg/g) 

Surface area 

(m2/g) 
Ref. 

CNS@ZIF-67 

CIP 

40.35 203.02 [74]  

H3PW12O40/Fe3O4/MIL-88A (Fe) 333.33 4.16 [75]  

CoFe-MOF aerogel cylinders 226.8 - [76]  

C@silica, 0.2 mL TEOS 516.8 594.4 [43]  

ZIF-8 derived carbon 430.6 549.9 [43]  

ZnCo-ZIF@CS 348.9 337.25 [32]  

ZIF-67@ZIF90 358.7 1007.812 Current study 

CoNC@NC 514.26 575.456 Current study 

regeneration performance in the adsorption of 

AZM and CIP from aqueous solution, reflecting an 

excellent potential of using them in large-scale 

practical applications. 

 

3.2.5. Adsorption mechanisms 

The adsorption of antibiotic particles by the 

adsorbents is due to the interaction between the 

two materials, which can be influenced by both the 

physical and chemical properties of the 

interacting materials [68]. Various mechanisms, 

including electrostatic interaction (EI), 

hydrophobic interaction (HI), hydrogen bond 

(HB), coordinate bond (CB),  -  interaction, and 

simple pore-filling, can contribute to the 

adsorption of antibiotics by MOF particles [69]. 

The adsorption possibilities of CIP and AZM by 

the investigated adsorbents are as follows: 

(1). The difference in the surface charges of the 

adsorbent and the adsorbate generates EI 

between them, which varies based on the pH 

values of the solution. For instance, the highest 

adsorption of CIP occurred at pH of 6, which was 

attributed to the strong EI between CIP and the 

adsorbents as the CIP became neutral. In 

contrast, the adsorbents maintained positive 

charges, as evident from Figure 11.  

(2). The hydrophobic interaction, also known as 

the Van der Waals interaction, is an interaction 

force generated between two or more hydrophobic 

materials.  Considering the hydrophobic nature of 

AZM [70] and the hydrophilic nature of CIP [32], 

the HI contribution in the adsorption process of 

AZM is strong in the hydrophobic domains of the 

adsorbents when the value of zeta potential is 

close to zero. In contrast, the HI contribution of 

CIP is almost neglected.  

(3). The functional amino and aldehyde groups in 

the ZIF-67@ZIF-90 tended to form hydrogen 

bonds with the functional groups in the 

antibiotics, including -NH and -COOH of CIP [71], 

and -OH and COOH of AZM [72]. 

(4). The metal ions (Co and Zn) in the adsorbents 

tended to form coordination metal-organic 

complexation with the amino or hydroxyl groups 

of the CIP and AZM, which have strong 

coordination ability for metals [73]. 

(5). The aromatic rings in CIP are stacked with 

the adsorbents through  -  interaction [32]. 

(6). From the adsorption kinetics and isotherms in 

Section 3-2, the adsorption process for both the 

antibiotics involved a physisorption mechanism 

and depended on the diffusion of the antibiotic’s 

particles onto the surface of the adsorbents. The 

availability of the active binding sites on the 

surface of the adsorbents governs the process. To 

highlight the benefits of the investigated 

absorbents in this study, their adsorption capacity 

and surface area were compared to those of other 

MOF-based absorbents reported in the literature, 

as listed in Table 4. 

 

4. Conclusions 

In this study, CoNC@NC core-shell composite 

was successfully prepared by carbonizing ZIF-

67@ZIF-90. The carbonization process was 

performed at 900 ℃ for 5 h under an Argon flow 

with a heating rate of 5 ℃/min. The original and 

carbonized composites were characterized using 

various techniques including XRD, SEM, FTIR, 

Raman spectroscopy, TGA and N2 gas adsorption-Figure 13. The regeneration performance of ZIF-

67@ZIF-90 and CoNC@NC for five cycles. 

Table 4. Comparison of the adsorption capacity and surface area of the MOF-based adsorbents. 
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desorption. Both the composites were used in the 

batch adsorption experiments as adsorbent for 

removing well-known antibiotics (i.e. AZM and 

CIP). The carbonized composite demonstrated 

superior adsorption capacity and kinetics 

compared to the original composite. The 

maximum adsorption capacities of the CoNC@NC 

were 256.49 and 514.26 mg/g for AZM and CIP, 

respectively. Kinetics and isotherm adsorption 

results indicated that the pseudo-first-order 

kinetics model and Langmuir isotherm model 

better described the adsorption processes of both 

the adsorbents for AZM removal. While the 

adsorption behaviors of the composites toward 

CIP were more accurately represented by pseudo-

first-order kinetics model and Langmuir isotherm 

model. The adsorption capacity was influenced by 

the pH of the solutions, and the maximum 

adsorption performance of the adsorbents toward 

AZM and CIP occurred at pH of 7 and 6, 

respectively. The regeneration ability of 

CoNC@NC was also confirmed over five 

experimental cycles with adsorption capacity 

higher than 90% of the capacity of the first cycle. 

This study not only demonstrates the 

effectiveness of these adsorbents in various 

environments but also offers them as a promising 

candidate in the applications of environmental 

remediation and wastewater treatment. 
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